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Abstract 
Mitochondrial quality control is essential for maintaining a healthy population of 
mitochondria. Two proteins associated with Parkinson disease, the kinase PINK1 and 
the E3 ubiquitin ligase PRKN, play a central role in the selective degradation of 
heavily damaged mitochondria (mitophagy), thus avoiding their toxic accumulation. 
Most of the knowledge on PINK1-PRKN mitophagy comes from in vitro experiments 
involving the treatment of mammalian cells with high concentrations of mitochondrial 
uncouplers, such as CCCP. These chemicals have been shown to mediate off target 
effects, other than mitochondrial depolarization. A matter of controversy between 
mitochondrial physiologists and cell biologists is the discrepancy between 
concentrations of CCCP needed to activate mitophagy (usually >10 μM), when 
compared to the much lower concentrations used to depolarize mitochondria (<1 μM). 
Thus, there is an urgent need for optimizing the current methods to assess PINK1-
PRKN mitophagy in vitro. In this study, we address the utilization of high CCCP 
concentrations commonly used to activate mitophagy. Combining live fluorescence 
microscopy and biochemistry, we show that the FBS/BSA in the cell culture medium 
reduces the ability of CCCP to induce PINK1 accumulation at depolarized 
mitochondria, subsequent PRKN recruitment and ubiquitin phosphorylation, and 
ultimately mitochondrial clearance. As a result, high concentrations of CCCP are 
required to induce mitophagy in FBS/BSA containing media. These data unite 
mitochondrial physiology and mitophagy studies and are a first step toward a 
consensus on optimal experimental conditions for PINK1-PRKN mitophagy and 
mitochondrial physiology investigations to be carried out in parallel.  
 
Introduction 
Mitochondria play a key role in numerous cellular processes, including regulation of 
redox signaling, ATP production and calcium homeostasis [1]. The accumulation of 
damaged, non-functional mitochondria can be detrimental to cell homeostasis and 
ultimately lead to cell death. As a result, cells have developed a number of quality 




mitochondria, one of which is the selective degradation of damaged mitochondria by 
autophagy i.e. mitophagy [2]. 
The discovery of recessive mutations in the PINK1 (PTEN induced kinase 1) and 
PRKN (PRKN RBR E3 ubiquitin protein ligase) genes in Parkinson disease (PD) has 
facilitated our mechanistic understanding of mitophagy. In mammalian cells, the 
mitochondrial kinase PINK1 selectively accumulates at the surface of damaged 
mitochondria where it phosphorylates ubiquitin and recruits, phosphorylates and 
activates the E3 ubiquitin ligase PRKN. Shortly after recruitment, PRKN 
ubiquitinates a number of outer mitochondrial membrane proteins. This leads to the 
recruitment of the autophagy and the ubiquitin proteasome system machineries, 
triggers the engulfment of damaged mitochondria in autophagosomes and further 
fusion with lysosomes, and ultimately leads to the degradation of the targeted 
mitochondria 3 . Mitophagy plays an active role in maintaining cellular homeostasis 
and functions, such as cell differentiation and development, cell programming and 
immune response [4,5]. Moreover, deficiencies in mitophagy have been associated 
with a number of human diseases, such as cancer and neurodegenerative conditions, 
including PD but also Alzheimer diseases, amyotrophic lateral sclerosis and 
Huntington disease [6]. 
The most common methods used to study PINK1-PRKN mitophagy in mammalian 
cell lines include Western blotting (WB) to assess PINK1 mitochondrial accumulation 
and clearance of mitochondrial markers, and fluorescence microscopy to measure co-
localization of PRKN and autophagy markers with depolarized mitochondria, and 
mitochondrial ubiquitin phosphorylation in fixed cells. Finally, mitophagy can be 
visualized with mtKeima in live cells [7,8]. In healthy mammalian cells, mitophagy is 
an infrequent event; thus, most studies utilize PRKN over-expression and high 
concentrations of mitochondria stressors to initiate the process. Typically, exposure of 
cells to the mitochondrial uncoupler Carbonyl cyanide m-chlorophenyl hydrazine 
(CCCP) causes an increase in membrane proton conductance and consequently a loss 
of mitochondrial membrane potential (ΔΨm) [9].  
A long-standing controversy between mitochondrial biochemists and physiologists is 
that the concentrations of CCCP needed to activate mitophagy are much higher than 
those needed to depolarize mitochondria. While mitochondrial physiologists observe 




μM), cell biologists require significantly higher concentrations of CCCP (usually >10 
μM for several hours) to elicit PINK1-induced mitophagy.  
In this study, we compare the methods commonly used by mitochondrial 
physiologists and biologists, live fluorescence microscopy and biochemistry 
respectively, to assess the ability of CCCP to depolarize SHSY5Y cells and induce 
subsequent mitophagy. We show that lowering the concentrations of fetal bovine 
serum (FBS) or bovine serum albumin (BSA) in the cell culture media is key to 
facilitating PINK1 accumulation at damaged mitochondria, subsequent PRKN 
recruitment, ubiquitination of outer mitochondrial membrane proteins, and ultimate 
degradation of mitochondrial markers following treatment with low concentrations of 
CCCP. These important data reconcile both disciplines and open the door for parallel 
investigations to be carried out in similar experimental conditions. 
 
Results 
FBS inhibits CCCP-dependent depolarization of mitochondria. 
 
While it is unanimously accepted that PINK1 accumulates at the surface of 
depolarized mitochondria [10], the low concentrations of CCCP needed to induce 
instant mitochondrial depolarization (usually 100 nM - 1 μM) contrast with the 
necessity for high concentrations (usually 10 - 30 μM) to induce mitophagy. Most live 
cell imaging, including Tetramethylrhodamine methyl ester (TMRM) measurements, 
are carried out in FBS-free Hanks' Balanced Salt Solution (HBSS) while mitophagy 
experiments usually use FBS-containing Dulbecco's Modified Eagle's Medium 
(DMEM), in order to maintain cell health during the long CCCP treatment needed to 
assess mitophagy at the various stages of the process. 
We hypothesized that either different concentrations of FBS or DMEM composition 
may alter CCCP’s ability to depolarize mitochondria and explain the above 
discrepancies. In order to investigate this possibility, we assessed ΔΨm in FLAG-
PRKN over-expressing SHSY5Y cells (POE SHSY5Ys) maintained in either DMEM 
or HBSS, supplemented with either 0%, 1%, or 10% of FBS, and treated with either 
DMSO, 1 μM CCCP or 10 μM CCCP for 1.5 h.  ΔΨm was measured using TMRM 
on the Opera PhenixTM confocal High Content Screening microscope, allowing for 
simultaneous measurements of all experimental conditions (Figure 1A - D). While 1 




mitochondria in FBS-free DMEM (Figure 1A and 1C) and FBS-free HBSS (Figure 
1B and 1D), the mitochondrial depolarization induced by 1 μM CCCP  in FBS-free 
media was considerably reduced in 1% FBS supplemented media (fold-change of 
0.11 ± 0.09 and 0.40 ± 0.23 respectively; all these data throughout the manuscript are 
indicated as fold-changes compared to 10% FBS supplemented media treated with 
DMSO), and almost completely abolished in media supplemented with 10% FBS 
(0.72 ± 0.18). A higher concentration of CCCP (10 μM) was required to fully 
depolarize mitochondria in HBSS and DMEM supplemented with 10% FBS. These 
data were confirmed in wild-type (WT) SHSY5Y cells not over-expressing FLAG-
PRKN (Fig. S1A and 1B). The WT SHSY5Y cells recapitulate the findings with POE 
SHSY5Y cells with a difference in basal TMRM signal with 1% FBS (0.78 ± 0.14) 
and FBS-free (0.11 ± 0.02) medium, as well as the inhibition of depolarization with 1 
μM CCCP with increased FBS medium levels (FBS-free 0.03 ± 0.03 vs 1% FBS 0.26 
± 0.02 vs 10% FBS 0.80 ± 0.08). These data were further confirmed in Hela cells 
over-expressing HA-PRKN (Fig. S6A), where serum-starving resulted in a loss of 
basal TMRM signal (FBS-free 0.39 ± 0.07 vs 1% FBS 1.04 ± 0.16 vs 10% FBS 1.00 
± 0.08) and FBS inhibited the ability of 1 μM CCCP to depolarize the mitochondria 
(FBS-free 0.13 ± 0.05 vs 1% FBS 0.39 ± 0.17 vs 10% FBS 0.93 ± 0.08). 
The composition of the DMEM differs with the HBSS, in particular DMEM contains 
higher glucose concentrations and contains some sodium pyruvate. HBSS was 
supplemented with either glucose or sodium pyruvate (Sigma Aldrich, P2256), 
however none of these components was able to influence the ability of 1 μM CCCP to 
depolarize mitochondria in POE SHSY5Y cells (Fig. S2). This suggests that the FBS 
concentrations, rather than the glucose or sodium pyruvate concentrations, were likely 
to be a major determining factor for affecting the ability of CCCP to depolarize 
mitochondria.  
We further assessed ΔΨm over time using single cell live confocal microscopy in 
POE SHSY5Y cells maintained in DMEM supplemented with 0%, 1% or 10% FBS 
and treated with 1 μM CCCP prior to full depolarization with 10 μM (Figure 1E). 
These data confirmed that that while 10 μM CCCP results in full mitochondrial 
depolarization in all media conditions, 10% FBS prevents mitochondria from 
depolarizing following treatment with 1 μM CCCP. While TMRM and phenol red are 
excited at different wavelengths, 548 nm and 440 nm [11], respectively, we checked 




DMEM (Fig. S3); no statistically significant difference was observed between 
medium with phenol and phenol-free medium containing DMSO (1.07 ± 0.10 and 
1.00 ± 0.11 respectively), 1 μM CCCP (0.77 ± 0.05 and 0.68 ± 0.23 respectively), or 
10 μM CCCP (0.07 ± 0.03 and 0.09 ± 0.06 respectively; these data are normalized to 
DMSO treatment in phenol red containing DMEM). Further, we confirmed these 
observations with another uncoupling agent structurally similar to CCCP, carbonyl 
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), in DMEM supplemented with 
10% FBS (Fig. S4).  
All together, these data suggest that increasing levels of FBS in culture media 
decrease the ability of 1 μM CCCP/FCCP to fully depolarize mitochondria, providing 
a possible explanation as to why biochemistry experiments require high CCCP 
concentrations to induce PINK1/PARKIN-dependent mitophagy in cell lines 
maintained in DMEM supplemented with 10% FBS.  
 
FBS inhibits CCCP-dependent activation of mitophagy. 
 
Using SDS-PAGE and WB, we then examined whether mitophagy could be induced 
with 1 μM CCCP when the concentration of FBS was decreased in the DMEM 
medium. To this end, POE SHSY5Ys were maintained in DMEM supplemented with 
either 0%, 1% or 10% FBS for 30 min prior to treatment with low (1 μM) or high (10 
μM) concentrations of CCCP for 3 h, cell lysis and WB (Figure 2A - F). This data 
shows that depleting FBS from the DMEM allowed 1 μM CCCP-induced mitophagy, 
as assessed by mitochondrial accumulation of PINK1 (4.14 ± 0.38), recruitment of 
FLAG-PRKN (4.02 ± 1.73), and degradation of mitofusin-2 (MFN2) (0.19 ± 0.15); 
similar to 10 μM CCCP effects on PINK1 accumulation (4.06 ± 1.54), FLAG-PRKN 
recruitment (3.36 ± 0.61), and MFN2 degradation (0.15 ± 0.11) in FBS-free medium. 
MFN2 is a substrate for PRKN, thus indicating PRKN activity [12]. Conversely, the 
supplementation of DMEM with either 1% or 10% FBS prevented 1 μM CCCP to 
stimulate mitochondrial PINK1 accumulation (1% FBS 0.66 ± 0.18 vs 10% FBS 0.68 
± 0.13), recruitment of FLAG-PRKN (1% FBS 1.30 ± 0.59 vs 10% FBS 0.95 ± 0.40), 
and degradation of MFN2 (1% FBS 0.73 ± 0.31 vs 10% FBS 0.91 ± 0.09); but did not 
prevent 10 μM CCCP’s ability to promote PINK1 accumulation (1% FBS 8.99 ± 0.61 
vs 10% FBS 9.25 ± 0.68), FLAG-PRKN recruitment (1% FBS 3.84 ± 1.51 vs 10% 




0.12). Interestingly, LC3 accumulation was observed in mitochondria enriched 
fractions following CCCP treatment in low FBS DMEM medium, but not in the 
corresponding cytoplasmic fractions, suggesting that the FBS concentration affected 
mitophagy, as opposed to macroautophagy (Figure 2E and 2F). While supplementing 
the media with 1% or 10% FBS blocked the effect of 1 μM CCCP, this didn’t affect 
the ability of 10 μM CCCP to activate mitophagy. This data was confirmed in WT 
SHSY5Y cells not over-expressing FLAG-PRKN (Fig. S5A - B) and in Hela cells 
over-expressing HA-PRKN (Fig. S6B), further mirroring the TMRM data described 
above (Figure 1). Interestingly, while the removal of FBS allowed for 1 μM CCCP to 
activate mitophagy, the levels of PINK1 accumulation were slightly reduced in FBS-
free medium compared to 10% FBS medium in SHSHY5Y POE cells following 10 
μM CCCP treatment (4.06 ± 1.54 and 9.25 ± 0.68 respectively), possibly due to 
reduced AKT phosphorylation at serine 473 following FBS starvation (Figure 2A), 
which was shown to be important for PINK1-dependent mitophagy [13]. 
Once PINK1 is recruited to the mitochondria, it phosphorylates ubiquitin at serine 65, 
and the phospho-ubiquitin signal triggers the recruitment of autophagy receptors, the 
subsequent engulfment of mitochondria by autophagosomes and their ultimate 
degradation by lysosomes [3]. In order to determine whether FBS depletion also 
affected phosphorylation of mitochondrial ubiquitin and subsequent mitophagy, POE 
SHSY5Y cells were maintained in DMEM supplemented with 0%, 1% or 10% FBS 
and treated with DMSO, 1 μM or 10 μM CCCP for 3 h prior to measurement of the 
phospho-serine 65 ubiquitin signal by fluorescence microscopy (Figure 2G and 2H). 
Finally, engulfment of depolarized mitochondria by lysosomes was assessed in stable 
POE SHSY5Y cells expressing the pH-dependent mitochondrial protein mtKeima, 
which fluorescence was shown to shift from green to red as mitochondria are 
delivered to the lysosomes [8] (Figure 3A and 3B). These data confirmed that 
decreasing the concentration of FBS in the cell media allows for 1 μM CCCP to 
increase phospho-serine 65 ubiquitin (1% FBS 3.64 ± 2.24 vs 10% FBS 1.09 ± 0.49), 
a proxy for PINK1 activity, and to increase mitochondrial degradation (mtKeima 
mitophagy index at 3.5 h: 1% FBS 0.18 ± 0.03 vs 10% FBS 0.06 ± 0.01), a measure 
of mitophagy. Finally, the mtKeima data were confirmed in WT SHSY5Y cells not 




All together, these data suggest that the FBS in the cell culture medium affects 
CCCP’s ability to induce PINK1/PRKN-dependent mitophagy, likely through 
affecting mitochondrial depolarization.  
 
BSA inhibits CCCP-dependent, but not O/A-dependent depolarization of 
mitochondria and subsequent mitophagy. 
 
Bovine serum albumin (BSA) is a major component of FBS (approximately 2.5 
mg/ml in FBS [14]), which has been shown to bind free unsaturated fatty acids and to 
interfere with ΔΨm in potato mitochondria [15] and in mammalian cells [16]. We 
therefore hypothesized that BSA could be one of the FBS components contributing to 
decreasing CCCP’s ability to induce mitochondrial depolarization and subsequent 
mitophagy. To test this hypothesis, we repeated the experiments described above in 
POE SHSY5Y cells cultured in FBS-free DMEM supplemented with 0 mg/ml, 2.5 
mg/ml BSA (approximately equivalent to 10% FBS media albumin concentration) or 
10 mg/ml BSA. Interestingly, 2.5 mg/ml BSA was enough to abolish 1 μM CCCP’s 
ability to depolarize mitochondria in DMEM and considerably reduce it in HBSS 
(Figure 4A - D; fold-changes of 1.68 ± 0.79 and 0.56 ± 0.39 respectively compared to 
0.06 ± 0.04 with 0 mg/ml BSA in DMEM; all these data throughout the manuscript 
are given as fold-changes compared to 0 mg/ml BSA medium treated with DMSO). 
Using WB or fluorescence microscopy, we further confirmed that PINK1 
accumulation to damaged mitochondria (10 mg/ml 1.07 ± 0.04 vs 2.5 mg/ml BSA 
1.06 ± 0.04 vs BSA-free 4.67 ± 1.05), FLAG-PRKN recruitment (10 mg/ml 0.67 ± 
0.12 vs 2.5 mg/ml BSA 0.86 ± 0.12 vs BSA-free 3.15 ± 0.53), ubiquitin 
phosphorylation (10 mg/ml 1.22 ± 0.82 vs 2.5 mg/ml BSA 0.94 ± 0.13 vs BSA-free 
2.63 ± 0.88) and MFN2 degradation (10 mg/ml 0.88 ± 0.08 vs 2.5 mg/ml BSA 0.92 ±  
0.03 vs BSA-free 0.36 ± 0.04) (Figure 5A - G) were also inhibited by 
supplementation of the medium with 2.5 mg/ml or 10 mg/ml BSA following 1 μM 
CCCP treatment. The addition of BSA to the medium also affected the ability of 10 
μM CCCP to trigger PINK1 accumulation at the mitochondria (10 mg/ml 1.92 ± 0.39 
vs 2.5 mg/ml BSA 1.07 ± 0.22 vs BSA-free 6.93 ± 1.67), FLAG-PRKN recruitment 
(10 mg/ml 0.64 ± 0.25 vs 2.5 mg/ml BSA 1.26 ± 0.27 vs BSA-free 3.44 ± 0.65), 




BSA-free 7.42 ± 5.07), and MFN2 degradation (10 mg/ml 0.86 ± 0.03 vs 2.5 mg/ml 
BSA 0.48 ± 0.04 vs BSA-free 0.13 ± 0.01). 
To determine whether the effects of FBS and BSA on CCCP-dependent mitophagy 
are specific to CCCP, we also examined the ability of a combined treatment of 
Oligomycin, an ATP synthase inhibitor, and Antimycin A, an inhibitor of cytochrome 
c reductase (complex III of the respiratory chain) (O/A), to depolarize the 
mitochondria and induce mitophagy in FBS and BSA supplemented DMEM [17]. The 
ability of 1 μM oligomycin/antimycin (O/A) treatments to depolarize mitochondria 
and to induce mitophagy was not prevented by BSA, suggesting that the effect of 
BSA on TMRM and mitophagy is specific to CCCP (Fig. S7A and 7B).  
All together these data suggest that adding BSA in the cell culture medium prevents 
the ability of commonly used concentrations of CCCP, but not O/A, to induce 




The mitochondria uncoupler DNP (2,4-dinitrophenol) was used in the 1930’s for the 
treatment of obesity with moderate success [18]. However, this concept was 
abandoned and DNP withdrawn from the market in 1938 due to adverse effects [19]. 
Additionally, a majority of uncouplers, including DNP and CCCP, were subsequently 
found to have very steep pharmacodynamics profiles, where small increases in 
concentration resulted in large changes of the phenotype [20]. This has hampered the 
use of uncouplers as potential treatments and has also limited their application as 
research tools in early stage drug discovery, for other indications where mitochondrial 
health is implicated, such as PD. The underlying mechanism for the low dynamic 
range of uncouplers has not been investigated in detail and is largely unknown. Here, 
we identified that the narrow pharmacodynamics range of CCCP in cells is potentially 
due to the interaction of CCCP with FBS/BSA.  
CCCP is one of the most commonly used compounds to induce PINK1-PRKN 
dependent mitophagy (for a review see [21]). However, a long-lasting concern raised 
by mitochondrial researchers is the inability of low CCCP concentrations to induce 
mitophagy, despite instant mitochondrial depolarization. The data presented in this 
manuscript suggests that the concentration of FBS in the cell culture medium, and 




depolarization and subsequent PINK1-PRKN mitophagy. Conversely, the absence of 
FBS or albumin allows for lower levels of CCCP to depolarize mitochondria and 
further induce mitophagy. Interestingly, we also observe an alteration in the basal 
TMRM signal depending on the levels of BSA in the media suggesting a more 
general effect on mitochondrial health as well as an effect on mitophagy.  
Reactive oxygen species production is reported to be required for PINK1-PRKN 
mitophagy while glutathione (GSH) can scavenge reactive oxygen species [22], thus 
reducing the levels of mitophagy. Albumin and FCCP have been shown to increase 
and decrease intracellular GSH levels, respectively [23,24], suggesting that a high 
concentration of CCCP/FCCP may be needed to overcome the high levels of GSH in 
medium supplemented with BSA, and further initiate mitophagy. It has also been 
reported that albumin is an important binding protein facilitating endogenous 
transport for several components of serum (e.g. fatty acids, proteins, growth factors, 
nutrients) all of which may have an effect on mitochondrial health [25]. Finally, 
albumin is known to have a major effect on in vivo drug kinetics, thus there is a 
potential for albumin containing media to bind a portion of CCCP and prevent it from 
depolarizing the mitochondria and inducing mitophagy.  
CCCP/FCCP have been shown to induce off-target effects, potentially interfering with 
the mitochondrial depolarization-induced mitophagy process [21,26]. A couple of 
original PINK1-PRKN dependent mitophagy studies have used 2 μM of CCCP in 
Hela cells over-expressing PRKN [10,27]. Interestingly, these studies were performed 
in serum-free medium. Subsequently however, a vast majority of the studies utilized 
higher doses of CCCP (typically >10 μM) in medium containing 10% FBS. Our study 
provides evidence that low CCCP concentrations (1 μM) can induce PINK1-PRKN 
mitophagy in low BSA medium in mammalian cell lines and BSA does not inhibit 1 
μM O/A treatment from depolarizing mitochondria and stimulating mitophagy. These 
findings will facilitate the parallel investigation of mitochondrial physiology (e.g. 
ΔΨm, calcium homeostasis, ROS and ATP generation) and mitophagy.  
 
Materials and methods 





The following antibodies were used for WB and ICC experiments: anti-Actin (Abcam 
Ab8224), anti-MFN1 (Cell Signalling Technology, 14739) anti-MFN2 (Cell 
Signalling Technology, 9482), anti-AKT (Cell Signalling Technology, 9272)anti-
AKT pSer473 (Cell Signalling Technology, 4060),  anti-FLAG (Sigma-Aldrich, 
F7425), anti-ATPB (Abcam, Ab14730; complex V), anti-BSA (Thermo Fisher 
Scientific, A11133), anti-rabbit IgG (whole molecule)–peroxidase (Sigma-Aldrich, 
A0545), anti-mouse IgG (whole molecule)–peroxidase (Sigma-Aldrich, A4416), anti-
HA (Sigma-Aldrich, 11867423001), LC3B (Novus Biologicals, NB100-2220), alexa 
fluor 488 goat anti-rabbit (Thermo Fisher Scientific, A-11008), alexa fluor 568 goat 
anti-mouse (Thermo Fisher Scientific, A-11004), Phospho-Ubiquitin (Ser65), 
phospho-ubiquitin pSer65 (Cell Signalling Technology, 37642). The generation of 
PINK1 rabbit monoclonal antibody has been described elsewhere [13].  
Additional reagents: BSA (Sigma-Aldrich, A7030), PBS (Thermo Fisher Scientific, 
14190-144) 
 
SHSY5Y and Hela Cell culture 
 
The SHSY5Y neuroblastoma cell line over-expressing FLAG-PRKN were a kind gift 
from H. Ardley (Institute of Molecular Medicine, Leeds, U.K.). The methods for their 
generation are described elsewhere [28]. While Hela HA-PRKN over-expressing cells 
were generated using Amaxa’s protocol for electroporation 
(https://bioscience.lonza.com/lonza_bs/CH/en/document/download/21456). 
Transfected cells were selected using 1 μg/ml of Puromycin dihydrochloride (Sigma-
Aldrich, P7255) followed by clonal expansion. Both SHSY5Y WT/POE and Hela 
POE cells were maintained in Dulbecco's modified Eagle medium (Thermo Fisher 
Scientific, 11995073), supplemented with 10% heat-inactivated fetal bovine serum 
(Thermo Fisher Scientific, 10500-064) in a 5% CO2 humidified chamber incubated at 
37°C.  
 
Measurement of Mitochondrial Membrane Potential  
 
TMRM (Sigma-Aldrich, T5428) is a cationic, fluorescent dye that is sequestered by 




cell imaging, cells were maintained in either DMEM (supplemented with pH buffer 
HEPES) (Sigma-Aldrich, H3375) or HBSS (10 mM HEPES, 10 mM glucose (Sigma-
Aldrich, G6152), 2 mM CaCl2 · 2H2O (Sigma-Aldrich, C3881), 1.25 mM KH2PO4 
(Sigma-Aldrich, P5379), 2 mM MgSO4 (Sigma-Aldrich, M7506), 3 mM KCl (Sigma-
Aldrich, P9333), 156 mM NaCl (Sigma-Aldrich, S7653) loaded with 25 nM TMRM 
for a minimum of 40 min in a 5% CO2 humidified chamber incubated at 37°C (cell 
media indicated in figure legends). Using either the Opera PhenixTM high content 
screening confocal microscope (Perkin Elmer Inc.) or a Zeiss 710 VIS CLSM 
equipped with a META detection system, TMRM (excitation 560 nm) emitted 
fluorescence was measured at 580 nm. For all TMRM experiments using Opera 
PhenixTM, 1 μg/ml Hoechst (Thermo Fisher Scientific, 62249) was added along with 




Cell media was removed, and cells then washed with phosphate buffered saline (PBS) 
before addition of mitochondrial homogenization buffer (10 mM Tris, 1mM EDTA 
(Edetate disodium salt dehydrate), and 250 mM sucrose, pH 7.4 and supplemented 
with protease/phosphatase inhibitors) then frozen at -80oC overnight. The following 
morning, thawed lysates are then transferred into centrifuge tubes, triturated 20 x, 
then frozen again at -80oC for 1 h. Samples are then thawed on ice, centrifuged at 
1,500 x g for 10 min 4oC and the supernatant removed. Subsequently, the supernatant 
was centrifuged at 12,000 x g for 10 min to pellet the mitochondria, followed by x 2 
homogenization buffer washes to remove cytoplasm contamination. For SDS-PAGE 
and WB, the isolated mitochondria pellets were reconstituted in 1x NuPAGE® Sample 
Buffer (Thermo Fisher Scientific, NP0008), plus 10 mM 1,4-Dithiothreitol (Roche, 10 
708 984 001), sonicated (Soniprep150 Plus) for 2 x 10 s at 10 mA, then heated to 
70oC for 10 min.  
 
Immunoblotting and Immunofluorescence 
 
SDS-PAGE and WB methods are detailed elsewhere [29]. For immunocytochemistry 




tissue culture plates (PerkinElmer, 6055302). Cells were fixed with 4% (w/v) 
formaldehyde, (10-15% methanol) (Sigma-Aldrich F8775)/PBS solution for 10 min at 
room temperature before blocking/permeabilizing for 45 min in 10% (v/v) 
FBS/PBS/0.5% (v/v) Triton-X100 (Sigma-Aldrich, 93443). Primary antibodies (PBS 
plus 10% FBS) were added and incubated at room temperature for 2 h. Cells were 
then washed x 3 PBS, and the appropriate fluorescent secondary antibodies (PBS plus 
10% FBS for either alexa fluor 488 nm or 568 nm secondary species-specific 
antibodies, 1:2000) were added for 1hr, with the addition of Hoechst 33342 (1:2000). 




Scanned WB images were quantified using ImageJ.  
ICC measurements of UBQ pSer65 accumulation were captured using an Opera 
PhenixTM High Content Screening confocal microscope (PerkinElemer Inc.) and 
Columbus 2.8 software (PerkinElemer Inc.) was used for analysis. Mitochondria 
regions were defined using mitochondria marker ATPB antibody (Complex V) (568 
nm), and UBQ pSer65 signal (488 nm) was measured within those areas. Integrated 
intensity of spots was calculated by multiplying spot intensity by the area of 
mitochondria covered by the UBQ pSer65 or TMRM signals. See Fig. S8 for an 
illustrated explanation of TMRM analysis work-flow. 
 
Measurement of mitophagy levels using the mtKeima reporter 
 
For the Keima mitophagy assay SHSY5Y and POE SHSY5Y cells were transfected 
with mitochondria-targeted monomeric Keima-Red (mtKeima) (Medical and 
Biological laboratories Co., Ltd. AM-V0251) and stable cell lines generated by 
culturing the cells in media containing 500 μg/ml G418. For the assay, mtKeima 
expressing cells (9000 per well) were seeded in a 384 well plate, coated with Geltrex 
(Thermo Fisher Scientific, A1413302). The following day, culture media was 
removed, cells were washed once in FBS-free DMEM and incubated for 1 h in 
DMEM containing 0%, 1% or 10% FBS, respectively. For the assay, the cell medium 
was replaced with DMEM containing the desired FBS and CCCP concentration and 




(PerkinElmer). Excitation wavelengths and emission filters used were as follow: 
Cytoplasmic Keima: 488 nm, 650-760 nm, Lysosomal Keima: 561 nm, 570-630 nm 
Hoechst: 375 nm, 435-480 nm. Images were analyzed using Columbus 2.8 
(PerkinElmer) and the mitophagy index was determined. Briefly, cells and mtKeima 
were segmented and the area of cytoplasmic and lysosomal mtKeima was determined. 
The mitophagy index was calculated as ratio between total area of lysosomal 
mitochondria and total area of cytoplasmic mitochondria per well.  
 
Statistical Analysis and data presentation 
 
Independent experiment numbers (N number) are indicated in figure legends for each 
dataset. Data was subjected to Two-way ANOVA with Tukey’s multiple comparison 
post-hoc analysis. Error bars on all graphs indicate mean ± standard deviation from 
replicate experiments. In each instance *=p<0.05; **=p<0.01; ***=p<0.001; 
****=p<0.0001; no * = no significance. All statistical analyses and graph production 
were carried out using GraphPad Prism (version 6, GraphPad Software, La Jolla 
California USA). All data in the text and figures, unless otherwise stated, are given as 
fold-change compared to DMSO treatment with 10% FBS-supplemented media or 0 
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Figure 1. FBS inhibits CCCP-induced depolarization of mitochondria in SHSY5Y 
POE cells. Cells were maintained in DMEM or HBSS supplemented with either 0%, 
1% or 10% FBS and loaded with 25 nM TMRM dye 30 min prior to treatment with 
either DMSO, 1 μM or 10 μM CCCP. Representative images of TMRM signal in 
SHSY5Y POE cells maintained in DMEM supplemented with 10 mM HEPES (A) or 
in HBSS (B) media, and imaged 1.5 h after treatment on the Opera PhenixTM.  Graphs 




supplemented media +/-S.D. (N=3). Representative traces of real-time TMRM 
fluorescence of POE SHSY5Y cells in DMEM supplemented with 0%, 1% or 10% 
FBS with the addition of 1 μM CCCP (E). CCCP (10 μM) was added to confirm full 
depolarization. Data displayed as mean +/-S.E.M. 
 
Figure 2. FBS inhibits CCCP-induced PINK1/PRKN mitophagy in SHSY5Y POE 
cells. SHSY5Y POE were maintained in either 0%, 1% or 10% FBS for 30 min prior 
to treatment with DMSO, 1 μM or 10 μM CCCP treatments for 3 h. Mitochondria-
enriched fractions were run on SDS-PAGE gels followed by WB using the indicated 
antibodies (A). Graphs (B-F) display quantified images showing fold changes +/-S.D. 
of PINK1 accumulation (B), FLAG-PRKN recruitment (C) MFN2 levels (D), 
mitochondrial LC3 levels (E), and cytoplasmic LC3 levels (F) normalized to 
Complex V (N=3). Immunocytochemistry of POE SHSY5Y cells stained with anti-
phospho-ubiquitin serine 65 (pUBQ; green – 488 nm) (G), with graph (H) showing 
mean quantified pUBQ levels +/-S.D. (N=4). All data are normalized to DMSO 
treatment with media supplemented with 10% FBS.  
 
Figure 3. FBS inhibits CCCP-induced engulfment of depolarized mitochondria by 
lysosomes in SHSY5Y POE cells. For the mtKeima reporter assay, SHSY5Y POE 
cells stably expressing the mtKeima reporter were pretreated with DMEM containing 
different concentrations of FBS as indicated. CCCP and Hoechst were added, and 
cells were imaged at the indicated time points (A). The mitophagy index was 
calculated as the ratio between total area of mitochondria located in lysosomes versus 
total area of mitochondria located in the cytoplasm (B). The results shown are from 
one representative experiment (N=2). The data are displayed as mean +/- S.D. of eight 
replicates. 
 
Figure 4. BSA inhibits CCCP-induced depolarization of mitochondria in SHSY5Y 
POE cells. Cells were maintained in DMEM or HBSS, both without FBS, 
supplemented with either 0 mg/ml, 2.5 mg/ml or 10 mg/ml BSA and loaded with 25 
nM TMRM dye 30 min prior to treatment with either DMSO, 1 μM or 10 μM CCCP. 
Representative images of TMRM signal in SHSY5Y POE cells maintained in DMEM 




treatment using the Opera PhenixTM. Graphs (C and D) show mean TMRM levels 
normalized to DMSO treatments with 10% FBS supplemented media +/-S.D. (N=3). 
 
Figure 5. BSA inhibits CCCP-induced PINK1-PRKN mitophagy in SHSY5Y POE 
cells 
SHSY5Y POE were maintained in DMEM, without FBS, and supplemented with 0 
mg/ml, 2.5 mg/ml or 10 mg/ml BSA for 30 min prior to treatment with DMSO, 1 μM 
or 10 μM CCCP treatments for 3 h. Mitochondria-enriched fractions were run on 
SDS-PAGE gels followed by WB using the indicated antibodies (A).  Graphs (B-E) 
display quantified images showing fold changes +/-S.D. of PINK1 accumulation (B), 
FLAG-PRKN recruitment (C), MFN1 (D) and MFN2 (E) levels (N=3). 
Immunocytochemistry of POE SHSY5Y cells stained with anti-phospho-ubiquitin 
serine 65 (pUBQ; green – 488 nm) (F), with graph (G) showing mean quantified 
pUBQ levels +/-S.D. (N=4). All data normalized to DMSO treatment with media 
supplemented with 10% FBS. 
 
Supplementary Figures 
Figure S1. FBS inhibits CCCP-induced depolarization of mitochondria in WT 
SHSY5Y cells. WT SHSY5Y cells were maintained in DMEM (HEPES 10 mM) and 
supplemented with either 0%, 1% or 10% FBS and loaded with 25 nM TMRM dye 30 
min prior to treatment with either DMSO, 1 μM or 10 μM CCCP for 30 min prior to 
imaging. Representative images of TMRM signal (A). DMEM additionally 
supplemented with pH buffer HEPES (10 mM). Graph (B) shows mean TMRM levels 
normalized to DMSO treatment with 10% FBS supplemented media +/-S.D. (N=2). 
 
Figure S2. HBSS supplementation with key DMEM components shows only FBS 
reduces the ability of CCCP to depolarize the mitochondria in POE SHSY5Y cells. 
POE SHSY5Y cells were maintained in HBSS and supplemented with either 25 mM 
Glucose 10% FBS, 1mM Sodium Pyruvate and loaded with 25 nM TMRM dye 30 
min prior to treatment with either DMSO, 1 μM or 10 μM CCCP for 30 min prior to 
imaging. Representative images of TMRM signal. DMEM additionally supplemented 





Figure S3. Phenol Red does not affect TMRM signal in POE SHSY5Y cells. POE 
SHSY5Y cells were maintained in DMEM with or without Phenol Red, supplemented 
with 10% FBS and loaded with 25 nM TMRM dye 30 min prior to treatment with 
either DMSO, 1 μM or 10 μM CCCP for 30 min before imaging. Data shown as mean 
TMRM levels +/- S.D. (N=3). 
 
Figure S4. FBS decreases FCCP-mediated depolarization of mitochondria in POE 
SHSY5Y cells. POE SHSY5Y cells were maintained in DMEM (HEPES 10mM) and 
supplemented with either 0%, 1% or 10% FBS and loaded with 25 nM TMRM dye 30 
min prior to treatment with either DMSO, 1 μM CCCP, 10 μM CCCP, 1 μM FCCP, 
or 10 μM FCCP for 30 min prior to imaging. Data shown as mean TMRM levels +/-
S.D. (N=2).  
 
Figure S5. FBS inhibits CCCP-induced PINK1-PRKN mitophagy in WT SHSY5Y 
cells. WT SHSY5Y cells were maintained in either 0%, 1% or 10% FBS for 30 min 
prior to DMSO, 1 μM or 10 μM CCCP treatments for 3 h, used to depolarize 
mitochondria and activate mitophagy. Mitochondria enriched fractions were run on 
SDS-PAGE gels followed by WB using the indicated antibodies (A; N=1). MtKeima 
expressing WT SHSY5Y cells were preincubated with 0%, 1% or 10% FBS for 30 
min before adding CCCP and Hoechst. Images were acquired at the indicated time 
points and the mitophagy index was calculated. Results shown (B) are from one 
representative (6.5 h) experiment (N=1). Data is displayed as mean +/- S.D. of eight 
replicates. 
 
Figure S6. FBS inhibits CCCP-induced depolarization degradation of mitochondria 
in Hela POE cells. Cells were maintained in DMEM supplemented with either 0%, 
1% or 10% FBS loaded with 25 nM TMRM dye 30 min prior to treatment with either 
DMSO, 1 μM or 10 μM CCCP and imaged 1.5 h after treatment on the Opera 
PhenixTM (A).  Graph (A) shows mean TMRM levels +/-S.D. normalized to DMSO 
treatment with media supplemented with 10% FBS (N=3). Cells were maintained in 
DMEM supplemented with either 0%, 1% or 10% FBS 30 min prior to treatment with 
either DMSO, 1 μM or 10 μM CCCP for 3 h. Mitochondria-enriched fractions were 





Figure S7. FBS and BSA inhibit O/A-dependent mitochondrial depolarization at low 
concentrations, but do not inhibit depolarization or mitophagy at widely used 
concentrations (1 μM). Cells were maintained in DMEM supplemented with either 
10% FBS or 10 mg/ml BSA loaded with 25 nM TMRM dye 30 min prior to treatment 
with either DMSO, 0.01 μM, 0.1 μM, or 1 μM of both Oligomycin and Antimycin 
(O/A) and imaged 1.5 h after treatment on the Opera PhenixTM (A). Graph (A) shows 
mean TMRM levels +/-S.D. (N=3). All data normalized to DMSO treatment for each 
media supplementation. Cells were maintained in DMEM supplemented with either 0 
mg/ml, 2.5 mg/ml, or 10 mg/ml BSA 30 min prior to treatment with either DMSO, 1 
μM O/A, or 10 μM CCCP for 3 h. Cytoplasmic and mitochondria-enriched fractions 
were run on SDS-PAGE gels followed by WB using the indicated antibodies (B) 
(N=1). 
 
Figure S8. Work-flow of TMRM analysis carried out using automated Columbus™ 
Analysis System (Perkin-Elmer) of images taken using the Opera Phenix™ High-
throughput Confocal Microscope system. Example image of SHSY5Y POE cells in 
DMEM + 10% FBS loaded with 25 nM TMRM and 1μg/ml Hoescht for 30 min prior 
to imaging. 0.5 μm Z-stacks were taken through the plane of focus and the max 
projection was analyzed. Analysis work-flow first identifies cell nuclei via Hoescht, 
then the cell cytoplasm to analyze via TMRM plus Hoescht signal. Within this region 
spots are identified. The mean intensity of these spots is then multiplied by the total 
spot area per cell to give integrated intensity and to allow for changes in morphology 
of the mitochondria affecting intensity. Utilizing this system represents a step forward 
in confocal image analysis as it is completely blinded. Images are taken automatically 
within each well of a 96-well plate selected (same regions of the well for every well), 
therefore completely removing human bias in selecting cells and regions to image. 
Similarly, once analysis work-flow is decided, the analysis runs across all imaged 
regions without human input or selectivity. 
